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ABSTRACT
The United States Environmental Protection Agency is 
continually searching for improved methods for analyzing 
environmental samples. Currently, gas chromatography / mass 
spectrometry (GC/MS) is the primary method for organic 
analysis. Although much information can be gained using this 
method, additional information is often required. This 
additional information may be provided by Fourier transform 
infrared spectroscopy (FT-IR) which is a powerful analytical 
tool both as a stand alone instrument and when combined with 
a mass spectrometer. FT-IR offers structural information not 
always obtainable from GC/MS and can be used as a rapid 
screening technique for the presence of particular functional 
groups. The FT-IR is also non-destructive and therefore can 
be connected in series with a mass spectrometer. This report 
investigates the quantitative capabilities of a Gas 
Chromatograph/ Fourier transform infrared spectrometer/ mass 
spectrometer (GC/FT-IR/MS). Several methods of quantitation 
using FT-IR were studied. These methods were: the Gram-
Schmidt (G-S) method, maximum absorbance (MA) method and 
integrated absorbance (IA) method. The results were compared 
to those obtained from the mass spectrometer operating in the 
single (SIC) and total (TIC) ion mode. Three microliter 
injections containing 25ng, 50ng, lOOng and 250ng of the EPA 
semivolatile target compounds were made. The response versus 
amount were plotted for each compound and correlation 
coefficients were calculated. The mean correlation
coefficients increased in the order TIC= MA > SIC > IA »  G-S. 
The absorbances calculated using the MA method were greater 
than those of the IA method. The IA was dependant on the 
shape of the G-S peak and the number of scans used to 
calculate it.
Two multicomponent mixtures were used to measure the 
effect that injection volume has on quantitation. Injections 
up to one hundred microliters were made. This requires the 
use of a large retention gap preceding the GC analytical 
column. The percent relative standard deviations of
responses calculated between five injection volumes (lOuL - 
lOOuL) ranged from 5% to 13%, indicating that injection volume 
does not have a significant affect on the reproducibility, 
however, the responses were two to three times greater when 
the one meter retention gap was used than when the thirty 
meter retention gap was used.
The United States Environmental Protection Agency is 
also currently investigating several Quick-Turnaround-
iii
Methods(QTM). These methods are designed to involve much 
shorter times for sample preparation, analysis and reporting 
than currently used methods. This report also details the 
development of a QTM to rapidly screen samples collected from 
Superfund Sites. QTM are required due to the large number of 
sites and samples required to adequately represent each site. 
The method involves solid phase extraction for sample 
preparation and high performance liquid chromatography (HPLC) 
with fluorescence detection for analysis. The compounds of 
interest are polycyclic aromatic hydrocarbons (PAH).
The linear range for each component was approximately two 
orders of magnitude and the method quantitation limits, with 
the exception of a few compounds, varied from 0.2 - 5.0 ug/L. 
These are comparable to the currently used gas chromatography/ 
mass spectrometry (GC/MS) method.
Spiked samples were used to determine the efficiency of 
extraction for water and soil samples. The recoveries were 
60 to 80% for water and 79 to 103% for soil.
Retention time markers were investigated to assure rapid 
identification of target compounds. Several compounds were 
tested to adequately represent the HPLC solvent program. The 
compounds selected were phenanthridine, p-terphenyl, and 
quaterphenyl which represent compounds eluting before, during 
and after the solvent gradient respectively. Retention time 
markers identified most target analytes correctly when tested 
on standards representative of those which might be found in 
Superfund samples.
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CHAPTER 1
GAS CHROMATOGRAPHY / FOURIER TRANSFORM INFRARED 
SPECTROSCOPY / MASS SPECTROMETRY FOR 
ENVIRONMENTAL ANALYSIS
2
INTRODUCTION
Assessment of the hazards posed by improperly handled or 
stored chemicals requires both the identification and 
quantitation of trace levels of contaminants in environmental 
and waste samples. These samples can be very complex, 
requiring an efficient separation procedure in addition to an 
accurate analysis method. Several methods are approved by the 
United States Environmental Protection agency (USEPA) for 
analysis of organic compounds. Gas chromatography (GC) and 
liquid chromatography (LC) are the current methods of choice 
for separation. The analysis or detection methods most often 
used are mass spectrometry (MS), Fourier transform-infrared 
spectrometry (FT-IR), flame ionization (FID) and electron 
capture (ECD) . The detector used depends on the type and 
concentration level of the compounds to be analyzed.
Gas chromatography/ mass spectrometry (GC/MS) is one of 
the primary methods for the identification of organic 
compounds in the environment. Most routine analyses use 
electron impact (El) GC/MS mass fragmentation to establish 
chemical structure. Unfortunately, routine El GC/MS analysis 
does not always provide unambiguous identification of all 
chemical species (Harrington et.al.)1 and often requires GC 
retention times of authentic standards for a confirmation. 
These standards are typically unavailable for environmental
analysis. GC/MS is particularly weak for the elucidation of 
structural isomers. Because the toxicity of many chemicals is 
often isomer specific (Wurrey)2, additional techniques are 
often required.
Infrared (IR) spectroscopy is a powerful tool for the 
identification of specific compound classes as well as 
differentiation of non-optical isomers. Although FTIR is 
actually twenty years old, only recently has IR 
instrumentation been able to attain the sensitivity required 
for many environmental analyses. (Wurrey)3 Fourier transform 
infrared spectroscopy (FT-IR) is gaining in use in 
environmental analysis. The combination of the information 
obtained from mass spectrometry, coupled with the bond 
information obtained using the infrared spectrometer, greatly 
increases the ability to identify unknown organic compounds. 
FT-IR is non-destructive and therefore can be connected in 
series with a mass spectrometer. The identification and 
confirmation capabilities of the GC/FT-IR/MS are known (Gurka 
et.al.)4 but little is known about its capability to 
quantitate. The purpose of this thesis is to examine 
techniques to increase the quantitative capabilities of the 
GC/FT-IR/MS system. Three methods of quantitation using FT-IR 
were examined. These methods include: the Gram-Schmidt (G-S)
method, the maximum absorbance method and the integrated 
absorbance method. These methods will be described in more 
detail in a later section. The results were then compared to
those obtained by MS. The effect that large sample volumes 
(up to 100 uL) have on quantitation was also studied. The 
introduction of large sample volumes will increase the ability 
of the detector to detect low analyte concentrations. It may 
then be unnecessary to concentrate the sample by solvent 
evaporation. This saves time and may also increase the 
recoveries of some compounds; some of the more volatile 
analytes often evaporate along with the solvent when these 
concentration techniques are used. Also, larger volumes of 
solvent can be used for the extraction which increases the 
efficiency of extraction (Grob)5.
CHROMATOGRAPHY
Chromatography was developed in 19 03 by M.S. Tswett, a 
Russian Botanist, during a project concerning the separation 
and isolation of plant pigments. He derived the name from the 
Greek words meaning "color writing." Since that time many 
improvements have been made leading to a widely used technique 
in the worlds of chemistry, biology, medicine, clinical 
chemistry and the environmental sciences. With this 
technique, components of a mixture are physically separated 
between two phases, a stationary phase and a mobile phase 
which travels through the stationary bed. The separation 
process occurs as a result of repeated sorption and desorption 
steps during the movement of the sample components along the 
bed; separation is due to differences in the distribution
constant of each sample component (Yost)6. Chromatography is 
often used for organic compounds in environmental samples. 
These samples can be very complex and often contain hundreds 
of unknowns which must be separated before an accurate 
identification can be made. Chromatographic separations can be 
made in either the gas phase (gas chromatography) or the 
liquid phase (liquid chromatography). Both will be described 
in the following sections.
Gas Chromatography
Gas chromatography utilizes an inert gas as the mobile 
phase (referred to as the carrier gas) . The carrier gas flows 
through the column where the separation occurs. Two types of 
columns are used: packed columns and open tubular columns 
(capillary columns). Capillary columns are most often used 
for environmental analysis because they are capable of 
achieving higher resolution. The column is usually silica 
based with a liquid phase coated as a thin film on the inner 
surface. The sample can be introduced unto the column using 
several different techniques. Split/splitless injection is 
commonly used. This method uses a heated injection port in 
which several problems can occur. First, evaporation often 
occurs in the hot needle. Secondly, complete vaporization of 
the sample in the injection port is often difficult in the 
extremely short time available in split injection. Both of 
these problems lead to imprecise injections; the amount of
analyte reaching the vaporizing chamber is not accurately 
known and can vary depending on GC conditions. Finally, the 
transfer of sample vapors from the vaporizing chamber into the 
column affects the linearity of splitting in split injection 
and the completeness of transfer in splitless injection. 
Because of this, the amount of analyte that actually reaches 
the analytical column is not accurately known (Grob)2.
The sample introduction technique employed in this 
research is cold on-column injection which can obviate each of 
the three problems mentioned. The on-column injector 
functions in aligning the needle with the column so that the 
entire sample is introduced directly onto the column (Knaus 
et.al.)7 The column is kept at a temperature at or below the 
boiling point of the solvent which leads to more accurate 
injections; the sample volume injected is more accurately 
known because the syringe needle is not emptied as in 
conventional vaporizing techniques and there is no distortion 
of the sample composition during sample introduction. There is 
also no thermal stress on the sample during its introduction, 
minimizing and often eliminating degradation of labile 
solutes. At column temperatures below the solvent boiling 
point, the injected sample liquid flows into the column and is 
driven by the carrier gas until it is spread as a film on the 
column wall. The solvent evaporates from the rear to the 
front and is removed by the carrier gas. If non-volatile 
compounds exist in the mixture, they are carried throughout
7
the flooded zone. Once the volatile components in the sample 
have evaporated, the non-volatiles are left behind, leaving a 
relatively inhomogeneous layer of these compounds on the 
capillary wall. This layer then acts as a secondary 
stationary phase. Solutes may then be retained at the column 
inlets causing broadening or distortion of solute peaks 
(Grob)8. This problem is alleviated by preceding the 
analytical column with a retention gap which is simply an 
uncoated, deactivated capillary. The use of these uncoated 
inlets was first described by Grob (Grob)9 . The retention 
gap can tolerate much more contamination than the column. The 
sample spreads throughout this uncoated inlet and analytes are 
subsequently reconcentrated at the head of the coated 
analytical column which has higher retention power. According 
to Grob (Grob)10, the reduction of the initial band lengths 
during transition from the uncoated to the coated column 
easily corresponds to a factor of 100 and in some cases 1000 
(Grob)2 which allows for flooded zones several tens of meters 
long, thus allowing for the introduction of large volumes of 
sample. The use of retention gaps is an emerging technology 
in environmental analysis.
Several factors must be considered when selecting a 
suitable retention gap. First, the surface must be wettable 
by the sample liquid. Samples that do not wet the internal 
wall will leave droplets behind the sample plug. This will 
cause the sample to flow often 10 - 20 times further into the
8
column. This corresponds to approximately 4 to 5 meters of 
gap per microliter of liquid. The retention gap must also be 
inert to assure that no adsorption or decomposition of the 
solutes occurs. The degree of deactivation becomes more 
important with larger pre-columns. The retention gap must 
also be long enough to prevent flow of the sample liquid into 
the separation column. The length of the flooded zone is 
proportional to the volume of the injected sample liquid? 
approximately 3 0cm per microliter of injected sample volume 
(Grob)11.
Liquid Chromatography
Liquid chromatography is often used when non-volatile or 
thermally labile compounds are being analyzed. Since the 
sample is not volatilized, high temperatures are not required. 
The term liquid chromatography includes several techniques of 
which the most common are: size-exclusion, liquid-solid,
liquid-liquid and ion exchange chromatography. Only liquid- 
liquid chromatography will be described. With liquid 
chromatography both the stationary phase and mobile phase are 
liquids; the liquid stationary phase is chemically bonded to 
a solid support. Separations are effected by the partitioning 
of the solute between these phases with retention depending on 
the strength of the solute's interaction with both phases. It 
has become common practice in high performance liquid 
chromatography (HPLC) to use a non-polar, chemically bonded
9
stationary phase, with an aqueous mobile phase containing 
various proportions of a miscible organic modifier. This is 
known as reverse-phase chromatography to distinguish it from 
the normal or conventional system. (Poole and Schuette)12 A 
commonly used non-polar bonded phase is the C-18 which 
consists of octadecyl carbon chains bound to the surface by 
silyl ether linkages.
FOURIER TRANSFORM INFRARED SPECTROMETRY
Infrared radiation ranges in wavenumber from 5000 - 400 
cm"1. This region corresponds to the vibrational energy levels 
for most chemical bonds. The frequencies at which a bond 
vibrates depend on the masses of the atoms and the strength of 
the bond, much like objects connected by a spring. The 
molecule absorbs only those frequencies of infrared radiation 
that exactly match its own vibrational frequencies. 
Therefore, the infrared absorbance spectrum of a molecule 
relates directly to the character of its bonds.
Small groups of atoms in a larger molecule may vibrate 
independently of the rest of the molecule. These groups tend 
to vibrate and absorb infrared radiation at the same frequency 
wherever they are found. Absorption at that frequency 
indicates the presence of that functional group in a molecule, 
whereas the lack of absorption at this frequency is evidence
10
that the functional group is absent. (Hewlett-Packard)13 This 
is a one of the advantages of using FT-IR for environmental 
analysis. Complex samples can be screened for specific 
functional groups using selective wavelength or frequency 
monitoring. The presence of certain functional groups can 
often be correlated to the toxicity.
There are two types of infrared spectrophotometers: the 
dispersive and Fourier transform. Dispersive 
spectrophotometers use a prism or grating to sequentially 
disperse infrared radiation, according to it's wavelength. 
Thus, a narrow range of wavelengths is passed through the 
sample to the detector. The dispersive element is rotated and 
the spectrum is measured directly, one resolution unit at a 
time.
Fourier transform infrared spectrophotometers sample all 
wavelengths simultaneously. There is no grating or prism to 
disperse the light. The infrared exciting light is passed 
through an interferometer (see Figure 1). The interferometer 
consists of a beam splitter and two mirrors: one mirror is 
fixed and the other is moving, both are at 45° to the beam 
splitter. The infrared light is passed through the beam 
splitter and is then partially transmitted to the moving 
mirror and partially reflected to the fixed mirror. The 
radiation is then re-reflected and recombined at the beam 
splitter creating interference (Hewlett-Packard)11. The
11
S ta tio n a ry
M irror
Mirror
Drive »cm/
Moving
Mirror
B
U nm odulated
Incident
B eam
\  Beam  Splitter 
\
M odulated
Exit
B eam
Figure 1: Diagram of a Michelson Interferometer
Reprinted with permission from American 
Laboratory, September 1974.
motion of the mirror results in a signal at the detector which 
for a given wavelength varies sinusoidally with the frequency. 
When the mirror distances are equal, the combined beams are 
in-phase and undergo constructive interference. A
displacement of 1/4 wavelength by the moving mirror results in 
a difference in pathlength of the two beams (retardation) of 
1/2 wavelength and the two beams are then out of phase. As 
the mirror moves, the beams are alternately in and out of
12
phase. The maxima and minima grow more intense as the two beam 
paths approach each other in length. A laser beam, undergoing 
the same change of optical path as the infrared beam, 
accurately determines the position of the moving mirror 
relative to the position of the fixed mirror. This serves as 
a reference to the position of the mirror during the scan and 
initiates the collection of data points from the signal of the 
infrared detector at uniform intervals of mirror travel. Each 
wavelength produces its own characteristic interference 
pattern as the movable mirror is displaced. For a source of 
many frequencies, fluxes of each wavelength pattern are 
summed. The result is a plot of the total intensity of the 
beam as a function of the retardation which is called an 
interferogram (see Figure 2) . The energy spectrum may be 
derived from the interferogram using a mathematical process
Figure 2: An Interfere 
from America
sgram (reprin 
m  Laboratory,
ted with permission 
September 1974)
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known as a Fourier transform. The Fourier transform of the 
interferogram determines the magnitude of the flux at each 
frequency. (Bell)14
The processes occurring in a Michelson interferometer for 
monochromatic radiation and an idealized situation where a 
source produces an infinitely narrow, perfectly collimated 
beam are explained below.
If the mirror is moved at a constant velocity, the signal 
at the detector will be seen to vary sinusoidally reaching a 
maximum every time the retardation is an integral multiple of 
the wavelength. At this maximum, the intensity at the 
detector I(x) is equal to the intensity of the source 1(0). 
At other values of retardation, the intensity of the beam at 
the detector is given by the addition of two components.
I(x) = 1/2 1(0) + 1/2 1(0) cos 27r0x (1)
x = retardation 
0 = wavenumber
The component which varies with retardation is the only one of 
interest in determining the spectrum. It is this component 
that is generally referred to as the interferogram. The 
interferogram from a monochromatic source measured with an 
ideal interferometer is therefore given as:
I'(x) = 1/2 1(0) cos 27r0x (2)
14
Several factors affect the magnitude of the signal 
measured by the detector, such as the efficiency of the 
beamsplitter and the inability of the IR detector and 
amplifier to show a uniform response to all wavenumbers. Of 
these factors, only 1(C) varies from one measurement to the 
next for a given system configuration while all other factors 
remain constant. Thus:
I(x) = 1/2 H(C) 1(C) cos 27tCx (3)
where H(C) is a wavenumber dependant correction factor. 
1/2 H(C) 1(C) may then be set equal to B(C) to yield:
I(x) = B(C) cos 2 7r0x (4)
I(x) is said to be the cosine Fourier transform of B(C). The 
parameter B(C) gives the intensity of the source at a 
wavenumber (C) as modified by the instrumental 
characteristics.
When radiation of more than one wavelength 
(polychromatic) is used, the interferogram is much more 
complex because the measured interferogram is the resultant of 
the interferograms corresponding to each wavenumber. When the
15
source is a continuum, the interferogram can be represented by 
the integral:
00
I(x) B(G) cos 27rxu du (5)
and
00
B(u) I(X) COS 27TXU du (6)
Because Eg. 6 is an even function it can be rewritten as
The moving mirror can not be scanned at an infinitely long 
distance (from zero to infinity) and the signal must be 
measured at finite intervals. Measuring the signal over a 
limited retardation causes the spectrum to have finite 
resolution; the spectral resolution depends on the maximum 
retardation of the interferometer. Two spectral lines can 
be resolved if the retardation is increased to the point where 
the waves are in phase for the first time after zero 
retardation.
By restricting the maximum retardation of the 
interferogram to y centimeters, the complete interferogram is 
multiplied by a truncation factor, D(x). This truncation
oo
B(u) = 2 I(X) COS 27TXU du (7)
0
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factor equals one between x = -y and +y, and zero at all other 
points. Because of the shape of this function, D(x) is called 
the boxcar truncation function. The spectrum in this case is 
given as:
00
B(u) I(x) D(x) cos 27rfix dx (8)
— 00
Other factors such as phase errors and beam divergence 
affect the final form of this equation (Griffiths)15.
The Fourier transform process is a rigorous process 
requiring many computations. A typical 40-minute run at a 
spectrometer scan speed of 4 scans/second would require 
computation of 9600 scans (if all scans are computed) . 
Furthermore, 2048 data points/scan are typically Fourier 
transformed. This problem is amplified if high resolution 
spectra are required. However, the availability of array 
processors alleviates the difficulty (Berube and Buijs)16. 
The processor may Fourier transform the interferograms so fast 
that the spectra may be displayed almost in real-time.
FT-IR spectroscopy offers several advantages over 
conventional dispersion infrared spectroscopy. There is a 
higher frequency accuracy for spectra taken over a wide range 
of frequencies. Higher signal-to-noise ratios are observed 
for spectra obtained under conditions of equal measurement 
time. This advantage occurs because all resolution elements of
17
the spectrum are measured simultaneously by the detector and 
because of the high optical throughput of the FT-IR 
spectrometer relative to the grating spectrometer. (Ferraro and 
Basile)17 The FT-IR is as much as 2 - 3 orders of magnitude 
more sensitive than the dispersive infrared detector. This 
level of sensitivity is necessary if identifiable spectra are 
to be obtained on nanogram analyte levels. Most dispersive 
spectrometers are unable to complete a scan within the few 
seconds available to scan capillary gas chromatography 
effluents.
There are several ways to determine the concentrations of 
the analytes using infrared detection. Three mathematical 
methods are described next. These are the Gram-Schmidt 
method, the maximum absorbance method and the integrated 
absorbance method.
Gram Schmidt Method
The Gram-Schmidt vector orthogonalization process directly 
reconstructs the gas chromatogram from interferometric data. 
A basis set representing background interferograms is selected 
from scans collected before the elution of the first compound. 
The difference between the background and any infrared active 
species can then be determined (de Haseth and Isenhour)ia. 
Measurement of the eluted species is a direct function of the
total infrared absorbance over the entire spectral range. 
Thus it is a universal detection approach similar to the total 
ion chromatogram of the mass spectrometer. Peaks are formed 
in the chromatogram as compounds elute and the area under 
these peaks is proportional to concentration, although the 
proportionality constants vary from compound to compound. 
Quantitation is achieved by comparison of the area under the 
unknown peak to that of an authentic standard of known 
concentration. This technique is widely used because the 
integrated area can be calculated more rapidly than the other 
methods. It has been reported by Gurka, D.F. and Pyle, S 
(Gurka and Pyle)19 that quantitative slopes calculated from 
the Gram-Schmidt chromatograms vary significantly from day to 
day due to water and other trace impurities found in the 
carrier and the spectrometer purge gases. Because the 
reference scans are taken at the beginning of the run and the 
concentration of these impurities vary with temperature, a 
change in baseline occurs. This contamination varies 
irreproducibly with time. This problem can be obviated by 
using a reference file closer in time to each peak. However, 
this would be very time consuming for multi-component samples, 
and base-line interferences may preclude a time reference file 
(blank).
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Maximum Absorbance Method
The maximum absorbance method uses the Fourier transform 
process to calculate the amount of infrared radiation absorbed 
by the molecule. As mentioned earlier, the Fourier transform 
process requires many computations and can take several hours 
if the entire chromatogram is to be transformed. With this 
method, the Fourier transform is calculated for one scan only. 
The scan for which maximum absorbance occurred, as indicated 
by the Gram-Schmidt chromatographic peak, is used to generate 
the spectrum. The wavelength at which the maximum absorbance 
occurs is determined from this and the total infrared 
absorbance at this wavelength is then calculated.
Integrated Absorbance Method
The integrated absorbance method is similar to the 
maximum absorbance method except that the Fourier transform is 
calculated for a series of scans bracketing the maximum point 
of the chromatographic peak. The spectrum created is the 
average of the intensities of infrared absorbance over the 
number of scans. The wavelength for which the maximum 
absorbance occurs is determined and the infrared absorbance is 
then calculated.
20
A Gram-Schmidt chromatogram and an absorbance spectrum 
are shown in Figure 3. The chromatogram is of the EPA neutral 
extractable B compounds. For Gram-Schmidt quantitation, the 
area under the peak is calculated and compared to the peak 
area obtained from a standard of known concentration. When 
the absorbance methods are used, the chromatogram is used only 
to generate the spectrum. The wavenumber for which maximum 
absorbance occurs is determined from this spectrum; the 
maximum absorbance wavenumber for nitrobenzene occurs at 1539 
cm'1, as seen in Figure 3. The absorbance at this wavelength 
is then calculated.
The absorbance calculated by both the maximum absorbance 
method and the integrated absorbance method is related to 
concentration using Beers Law (Brame and Grasselli)20.
I
LOG Io = log T = -A
= -abc
I = Intensity of transmitted beam
Io= Intensity of incident beam
T = Transmittance
A = Absorbance
a = absorptivity of solute
b = concentration of solute
c = path length through solution
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Figure 3: a) An Infrared Absorbance Spectrum of
Nitrobenzene and b) Gram-Schmidt 
Chromatogram of the EPA Neutral 
Extractable B Compounds
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Only one wavelength is used for quantitation. This 
maximum absorbance wavelength varies depending on compound 
structure, thus offering the ability to omit the absorbance 
due to impurities which do not absorb at this frequency. This 
wavelength remains constant for the same compound and should 
not vary depending on concentration. Once this wavelength is 
determined, it can be used as the standard for both absorbance 
quantitation methods.
MASS SPECTROMETRY
Following is a brief description of the MS approach used 
in this project. The most commonly used method and the only 
one described in this report is electron impact (El) MS. A 
typical mass spectrometer is shown in Figure 4. The El source 
contains a filament wire which emits electrons. These 
electrons strike the sample molecules as they elute from the 
column. Typically, electrons with energies of 70eV are used, 
but energies in the range of 5 to 100 eV may also be used. 
Most organic compounds have ionization potentials of 7 to 20 
eV, therefore the energy transferred on collision between the 
electron and a neutral molecule is sufficient to cause both 
ionization and extensive fragmentation (Poole and Schuette).11 
The majority of the ions formed by this process are singly- 
charged parent ions or molecular fragments, as well as a few 
multiply charged ions and some negatively-charged ions. The
23
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Figure 4: A Gas Chromatograph / Mass Spectrometer
positive ions are extracted from the ion source b y  a repeller 
electrode having a small positive potential. A series of 
lenses propel and focus the ions toward the quadrupole. The 
quadrupole is responsible for the separation of the ionized 
fragments according to their mass/charge (m/z) ratio. The 
quadrupole consists of four parallel conductive rods. The 
diagonally opposite rods are electrically connected to radio 
frequency and direct current voltages. For a given radio 
frequency/direct current voltage ratio only ions of a specific 
m/z value are transmitted by the filter and reach the 
detector. Ions with a m/z different than the transmitted ion
are deflected away from the principal axis of the system and 
strike the rods; these ions are not transmitted by the 
quadrupole filter. When the voltages applied to the 
quadrupole are stepped, allowing the sequential transmission 
of all ions, a full mass spectrum can be acquired. This is a 
spectrum of the mass/charge ratio(in daltons or atomic mass 
units) versus abundance for ions of the sample molecule and 
its fragments. Most ions formed by El GC/MS have a charge of 
+1. The mass/charge ratio of any fragment is therefore 
normally equal to the mass for that fragment. The most 
intense peak in the spectrum is called the base peak. Certain 
fragments are more common than others, due to the presence of 
functional groups in the molecule and their interconnection. 
The masses of these fragments are used to deduce the structure 
of the parent compound. The ionized parent molecule, when 
seen as part of the mass spectrum, is referred to as the 
molecular ion. A mass spectrum for nitrobenzene is shown in 
Figure 5. For this compound the molecular ion has a m/z equal 
to 12 3 amu and the base peak at 77 amu. The m/z of 77 
corresponds to the six carbons and five hydrogens of the ring 
structure. The molecule is often fragmented by the ionizing 
process such that little or no molecular ion is seen. The mass 
spectra of certain compounds exhibit clusters of mass peaks. 
These clusters represent "naturally occurring impurities," or 
isotopes, that are present for carbon, nitrogen, sulfur, 
chlorine, bromine, and a few other elements. The relative
25
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Figure 5: Mass Spectrum of Nitrobenzene
intensities of these cluster ions provide more clues useful 
in unraveling the structure of the parent molecule. A plot of 
the total response for all ions versus time is referred to as 
a total ion chromatograph. Another way of acquiring data 
involves applying voltages on the quadrupole for a specified 
length of time, at settings permitting the transmission of 
only a few selected ions. In cases where the sample is 
suspected to contain trace levels of a particular substance 
(target compound), two or three masses unique to that compound
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can be monitored. In this mode, the mass spectrometer is a 
specific detector. Selected ion monitoring (SIM) is the method 
most often used for quantitation by GC/MS. Quantitation can 
be achieved using a simple area % report to the calculation of 
concentration of compounds in a mixture by comparison of area 
and response factors with calibration standard of known 
concentration. A total ion chromatograph (TIC) and selected 
ion chromatograph (SIC) are shown in Figure 6. The TIC is of
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Figure 6: a) A Total Ion Chromatogram of EPA
Neutral Extractable B Compounds 
b) A selected Ion Chromatogram for 
masses 76.00 - 78.00 amu.
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a mixture of neutral extractable compounds. It consists of the 
response from all ions ranging from 45 amu to 450 amu. The 
SIC is only for masses 76.00 amu to 78.00 amu. The large peak 
at 27.3 minutes corresponds to nitrobenzene. Mass
spectrometers have been used to detect and quantitate 
compounds at concentrations of only a few parts per billion.
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EXPERIMENTAL
FTIR Instrumentation: The infrared system used in this study 
was a Hewlett-Packard (HP) 5965 Infrared detector. A HP model 
59970C chemstation equipped with an HP 9000 series 300 
computer with 2 megabytes of memory and an 81 megabyte 
Winchester disc drive was used for data collection, reduction 
and storage.
The optical layout of the Hewlett Packard Infrared 
System used can be seen in Figure 7. The source of infrared 
radiation was a hot, pseudo-black body whose temperature was 
set to provide maximum energy in the mid-infrared region (500 
4 00 cm'1) This radiation was then sent to the
interferometer. Monochromatic light from the helium-neon 
laser was also sent through the interferometer. The infrared 
light was then sent through a lightpipe which was twelve 
centimeters long with an internal diameter of one millimeter. 
The inside of the lightpipe was coated with gold to prevent 
loss of light and thermal degradation. Windows of KBr which 
are transparent to infrared radiation capped both ends of the 
lightpipe. The lightpipe is the interface of the G.C. to the 
FTIR and was kept at a constant temperature of 290°C which was 
ten degrees above the maximum oven temperature. The infrared 
sensor was a narrow band, mercury-cadmium-telluride (MCT) 
detector which was kept at liquid nitrogen temperatures.
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Figure 7: The Optical Layout of the Hewlett Packard
Infrared Detector (Reprinted with permission 
from Cyril Tang of HP)
The MCT senses the varying intensity of the infrared light 
after the absorbance has taken place. The sensor had an 
energy cutoff of 750 cm"1.
GC/FT-IR data at 8cm-l resolution was collected at 3 
scan/s. The wavelengths used for quantitation are listed in 
Appendix 1.
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MS Instrumentation: The mass spectrometer was a HP 5970A Mass
Selective Detector (MSD) utilizing a 4 0-megabyte Winchester 
disk drive and a HP 9816 desktop computer. The MSD was 
scanned from 45 to 450 amu at 0.86 scans/s at a nominal 1-amu 
resolution. The ions used for single ion quantitation are 
listed in Appendix 2.
GC Instrumentation: An HP Model 5890 gas chromatograph was
used. Injection volumes of one to three microliters were 
introduced using a HP Model 7673A autoinjector. Larger 
volumes were introduced manually using Hamilton syringes with 
a capillary on-column injection. Fused silica capillary 
columns (30m x 0.32mm), coated with 1 urn and 0.25 um DB-5 
films were used. A dimethyl silane, deactivated retention gap 
was used in all studies. All experiment parameters were 
constant except the gap length and the GC oven program. A one 
meter gap was used for the quantitation study and a thirty 
meter gap was used for the large injection volume study. Both 
were 0.53mm in diameter. The GC program for the quantitation 
study was as follows: an initial temperature of forty degrees
was held for four minutes, then ramped at ten degrees per 
minute to 280° which was held until all compounds eluted. The 
program for the large injection volume was identical except 
that the initial temperature of 40° was held for sixteen 
minutes to assure that the solvent had completely eluted 
before the ramp began.
IRD/MSD Interface: The GC column was inserted just into the
lightpipe without blocking the optical beam. A stainless 
steel Swage tee at the lightpipe exit transfer line was fitted 
with 0.1 mm i.d. fused silica vent and MSD transfer lines. 
The relative lengths of the lines were chosen to split one- 
fourteenth of the GC effluent to the MSD at 4 0°C. This split 
is reduced to one-eleventh at 280°C which is the temperature 
at the end of the GC ramp.
Chemicals: The standards for the quantitation study were
supplied by the EPA Quality Assurance Materials Branch 
(Research Triangle Park, North Carolina). The test mixture 
for the large injection volume study was purchased from 
Supelco.
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RESULTS AMD DISCUSSION
QUANTITATION USING THE MAXIMUM ABSORBANCE AND INTEGRATED 
ABSORBANCE METHODS.
The maximum absorbance method and integrated absorbance 
methods for the quantitation of infrared data were 
investigated for the semivolatile organic compounds on the EPA 
target list. Each compound was analyzed, in duplicate, at 
four concentration levels. The IR absorbance methods were 
compared to the G-S method, and the SIC and TIC methods of the 
mass spectrometer.
Response versus amount plots were made for each of the 
different methods and the correlation coefficients (r2) were 
calculated. The correlation coefficient is a measure of the 
linear fit of the data; the optimum value being one. A 
correlation coefficient of one indicates that the variables 
are completely linear over the given range. The correlation 
coefficients for each compound determined using each of the 
five methods are listed in Table 1. It is easily seen that the 
correlation coefficients for the Gram-Schmidt method were in 
most cases, much poorer than that of the other quantitation 
approaches. The mean correlation coefficient, also listed in 
Table 1, increase in the order TIC = Max Abs > SIC > Int Abs 
>> G-S. The mean correlation coefficients for the integrated 
and maximum absorbance methods are 0.9929 and 0.9962 
respectively; both of which is sufficient for routine 
analysis. The significance in the degree
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Table 1 Correlation Coefficients for Five Quantitation Methods
Mass Spectral Detector Infrared Detectors
Single Total Integrated Maximum Gram-
lon Ion Absorbance Absorbance Schmidt
Acenaphthene .9983 .9983 .9995 .9985 .9047
Acenapthylene .9986 .9996 .9959 .9985 .9093
Anthracene .9850 .9999 .9969 .9971 .9653
Benzo(a)anthraeene .9979 .9995 .9918 .9921 .9410
Benzoic Acid .9944 .9925 .9864 .9892 .9929
Benzo(a)pyrene .9894 .9632 .9966 .9074 (a)
Bis(2-chloro-ethoxy)methane .9988 .9993 .9992 .9991 .9966
Bis(2-chloro-ethyl)ether .9997 .9993 .9955 .9992 .9959
Bis(2-chloro-isopropyl)ether .9990 .9994 .9981 .9998 .9980
4-Bromo-phenylphenylether .9983 .9995 .9995 .9996 .9982
Butyl benzyl phthalate .9988 .9978 .9999 .9994 .9988
4-Chloro-aniline .9973 .9989 .9991 .9965 .9960
4-Chloro-m-cresol .9934 .9489 .9975 .9946 .9872
2-Chloro-naphthalene .9982 .9995 .9897 .9988 .8804
2-Chlorophenol .9971 .9989 .9976 .9965 .9896
4-Chloro-phenyl-phenylether .9963 .9999 .9999 .9997 .9986
Chrysene .9962 .9632 .9985 .9984 .9644
o-Cresol .9983 .9992 .9972 .9964 .9906
p-Cresol .9937 .9980 .9972 .9959 .9964
Dibenzofuran .9996 .9995 .9697 .8579 .9725
Di-n-butyl-phthalate .9993 .9997 .9998 .9996 .9984
1,2-Dichlorobenzene .9973 .9998 .9937 .9947 .9881
1,3-Dichlorobenzene .9967 .9998 .9985 .9950 .9892
1,4 - D i ch I o robenzene .9990 .9998 .9994 .9994 .9893
2,4-Dichlorophenol .9991 .9977 .9964 .9969 .9904
Dimethylphthalate .9995 .9997 .9998 .9996 .9983
Oiethylphthalate .9991 .9996 .9998 .9997 .9986
4,6-Dinitro-o-cresol .9631 .9872 .9936 .9967 .9984
2,4-Dinitro-phenol .9582 .9706 .9920 .9916 .9924
2,4-Dinitrotoluene .9987 .9998 .9966 .9928 .9839
2,6-Dinitrotoluene .9989 .9989 .9947 .9966 .9763
Di-n-octylphthalate .9963 .9970 .9983 .9991 .8362
Ethylhexylphthalate .9989 .9987 .9991 .9993 .9974
Fluoranthene .9969 .9989 .9983 .9966 .9022
Fluorene .9985 .9980 .9987 .9989 .9172
1,3-Hexachloro-cyclobutadiene .9994 .9981 .9981 .9995 .9979
HexachIorocycIopentadi ene .9965 .9992 .9960 .9979 .8575
Hexachloroethane .9972 .9991 .9986 .9992 .6081
Isophorone .9996 .9997 .9990 .9984 .9899
2-Methylnaphthalene .9991 .9990 .9950 .9981 .9907
Naphthalene .9977 .9994 .9954 .9956 .9781
2-Nitroaniline .9973 .9979 .9994 .9996 .9936
3-Nitroaniline .9962 .9968 .9990 .9985 .9928
4-Nitroaniline .9915 .9895 .9992 .9936 .9954
Nitrobenzene .9991 .9997 .9979 .9997 • .9765
4-Ni trophenol .9953 .9955 .9953 .9951 .9918
N-Nitroso-dimethylamine .9991 .9954 .9993 .9982 .9987
N-Nitrosodiphenyl amine .9997 .9979 .9971 .9994 .9885
N-Nitroso-di-n-propylamine .9986 .9995 .9991 .9988 (a)
PentachIorophenoI .9685 .9824 .9883 .9859 .9882
Phenanthrene .9975 .9998 .9989 .9941 .9827
Phenol .9991 .9995 .9966 .9978 .9825
Pyrene .9821 .9973 .9977 .9971 .9011
1,2,4-Trichlorobenzene .9987 .9998 .991 .9969 .9970
2,4,5-Trichlorophenol .9759 .9974 .9966 .9952 .9924
2,4,6-Trichlorophenol .9946 .9965 .9965 .9969 .9901
Mean .9950 .9965 .9929 .9962 .9695
(a) Not measured
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of correlation coefficients variability can be visualized by 
comparing the graphs in Figures 8 and 9. Although the percent 
difference between r2 = 0.9972 and r2 = 0.9992 is less than one 
percent, there is a large difference in plot scatter.
The absorbances calculated using the maximum absorbance 
method were larger in all cases than for the integrated
l\
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Figure 8: MS and FT-IR Quantitation Plots and
Corresponding Correlation Coeficients 
For 2-methylnaphthalene using a)G-S 
b)MA c)SIC and d)IA Quantitation Method.
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Corresponding Correlation Coefficients 
For Hexachloroethane using a) G-S 
b)MA c)SIC and d)IA Quantitation Method.
absorbance method. The integrated absorbance value depends on 
the averaged S/N of the scans used to calculate it. As the 
number of scans used increases, the average absorbance 
decreases. This is because the scans located from the maximum 
point, have lower signal-to-noise ratios. The further away 
from the apex, the lower the signal-to-noise ratio therefore
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the lower the computed average. This is shown for two 
representative compounds (hexachlorobenzene and isophorone) in 
Figures 10 and 11. Both of these demonstrate that as the 
number of scans used to quantitate is increased the absorbance 
calculated is decreased. It was also determined that the more 
broad the peak the less the difference between these two 
methods and the less dependance on the number of scans used to 
calculate the integrated absorbance. There is 
less difference in intensity between the scan at the peak apex 
and the surrounding scans, therefore when these scans are
\
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averaged there is less of a lowering effect. In order to show 
this, the relative widths (peak width / Gram-Schmidt peak 
area) were calculated for several compounds; peaks with 
similar intensities and different shapes were used for 
comparison. The percent differences were calculated between 
the maximum and integrated absorbances for each compound and 
compared to that obtained for a compound with a different 
relative width. This is shown in Figures 12 and 13.
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Quantitation as A Function of Peak Width.
Hexachlorobenzene and 1,3-dichlorobenzene were compared in 
Figure 12. The difference in peak shape can be easily seen, 
hexachlorobenzene (relative width = 87) is much 
more broad than 1,3-dichlorobenzene (relative width = 93). 
There is a 15% difference between the maximum and integrated 
absorbance of 1,3-dichlorobenzene and only a 5% difference for 
hexachlorobenzene. A similar effect was demonstrated for o- 
cresol (relative width = 76) and pentachlorophenol (relative 
width =99) in Figure 13. The percent difference of the
39
O-CRGSOC
11.00TIm« (mln.> 1 I .30
c0a
a
I300 
200 
100 
022.03TI m«
PENT RCHLOROPHENOL
/ V
(nln.) 22.33
Da:c
8.06.0
4.0
2.0 
0.0
INTEGRATED ABSORBANCE METHOD INTEGRATED RBSORBANCC METHOD
; JljV
am im - im  J  w h  tm •
, i k l *
4001 602HRVENUMBER (cm-1)
MAXIMUM RBSORBANCC MCTHOO
8  . 01 K M  Ml
6.0 
4.0
4001 602HRVENUMBER Com-l>
MAXIMUM RBSORBANCC MCTHOO 
4.0-iluJ)
4001 602HRVENUMBER (cn-l) 4001 602HRVENUMBER (cn-l)
Figure 13: A Comparison of Infrared Absorbance
Quantitation as a Function of Peak Width.
integrated and maximum absorbance method for o-cresol is 14% 
and for pentachlorophenol is less than 4%. The difference of 
these two methods can also be related to the retention time 
because the later eluting peaks are more broad. The absorbance 
using both methods is higher for the sharper peaks than broad 
peaks for the same compound. More analyte is present in the 
lightpipe at the time of maximum absorbance for the sharper 
peaks.
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Another observation made in this study was the 
possibility of improved sensitivities when absorbance methods 
were used. Even when the Gram-Schmidt peak is less than three 
times signal to noise, the absorption spectrum is very 
distinct. The signal to noise ratio of the infrared spectrum 
is high, therefore the compound can be accurately identified 
and quantitated using the absorbance methods. This is 
demonstrated in Figure 14 for 1-octanol. This peak is only 
around two times signal to noise but can be used to generate 
a strong spectrum.
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Figure 14: a) An Infrared Spectrum of 1-Octanol
b) A Gram-Schmidt Chromatogram
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A software macro written by the manufacturer was used to 
calculate the absorbance from the IR spectrum. The 
wavenumbers at the beginning, end, and apex of the spectral 
peak are entered and the macro calculates the peak height 
which corresponds to the absorbance at the peak apex. This 
method was tedious and could not be automated due to the 
variation of these points from run to run for a given 
compound. In theory, these wavenumbers should remain constant 
but in fact, often varied. Selection of the wavenumber values 
was subjective and required judgement of the analyst. The 
choice of these wavenumber values could result in variability 
in the calculated absorbance.
LARGE INJECTION VOLUME STUDY
The retention gap was first tested to determine whether 
the introduction of large injection volumes into a GC is 
feasible. A standard test mixture developed by Grob was 
used. The components in the test mixture are listed in Table 
2. The solvent, hydrocarbons, and active components in this 
mixture were selected to provide information about the column 
and system performance. Two microliter injections, containing 
100 ng analyte were made before and after the installation of 
the retention gap (see Figure 15 for chromatogram of a three 
microliter injection of test mixture with the thirty meter
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Figure 15: A Gram-Schmidt Chromatogram of a
3uL Injection of the Test Mixture 
With a thirty meter Retention Gap.
retention gap). The responses were similar in intensity. The 
peaks were sharp and good separation was achieved. This 
established that the retention gap doesn't affect the 
chromatography to any significant degree, for injections up to 
three microliters. Twenty and fifty microliters of the test 
mixture were injected, each containing one hundred nanograms 
per component. Representative chromatograms are shown below 
(Figures 16 and 17) for both injection volumes. It can be seen 
that the responses and retention times are similar. To 
confirm this, the precisions for each volume injected, were 
calculated for every component (see Table 2) . The area count
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Figure 16: Gram-Schmidt Infrared Chromatograms for
Twenty Microliter injections of lOOng Test 
Mixture.
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Figure 17: Gram-Schmidt Infrared Chromatograms for
Fifty Microliter injections of lOOng Test 
Mixture.
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Table 2: Percent Relative Standard Deviations
for Twenty and Fifty Microliter 
Injections of Test Mixture 
in Methylene Chloride
IRD Area Counts IRD Retention Time
%RSD* %RSD*
Compound 2 0uL 50ul 2 OuL 50uL
2-0ctanone 6.76 7.69 .02 .03
Decane 11.50 18.71 .02 .03
1-Octanol 10.65 19.95 .20 .01
Undecane 11. 62 15.47 .01 .01
2,6-Dimethylphenol 15.71 2.25 .01 . 01
2,6-Dimethylaniline 6.24 9.59 0 . 01
Dodecane 9. 02 24.11 0 . 01
Tridecane 11.60 13.76 0 .01
♦Percent Relative Standard Deviation (n=3)
precisions were relatively good considering the Gram-Schmidt 
quantitation method was used. The reproducibility of the 
retention times was excellent, %RSDs ranged from 0 to 0.03%. 
Once it was established that large, reproducible injection 
volumes could be made using a retention gap, environmentally 
representative compounds were analyzed. The EPA neutral 
extractables B mixture was then used. This mixture contains 
mainly chlorinated compounds and represents some of the 
volatile compounds of interest to the EPA. A series of 
injections was than made. The reproducibility of the SIC peak 
areas was calculated for several injection volumes. Three 
injections each of 1) 10 microliters 2) 20 microliters 3) 40 
microliters 4) 80 microliters and 5) 100 microliters were
made. All volumes contained 100 ng of each analyte. The area 
count precision for each compound is listed in Table 3.
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Table 3. Percent Relative Standard Deviations 
(%RSD)* of MSD Single Ion Responses 
for Several Injection Volumes 
of lOOng Neutral Extractables B. 
(n=3)
Compound lOuL 20uL 40uL 80uL 100UL
1,3-Dichlorobenzene 13.06 5.22 5.61 6.85 12.37
1,4-Dichlorobenzene 9.80 9.24 11.73 8.02 11. 09
Benzyl Alcohol 8.59 17.49 8.09 7.77 8.57
1,2-Dichlorobenzene 35.28 7.36 7.46 8.68 5.92
Hexachloroethane 10.51 21.00 5.22 10.59 2.42
Nitrobenzene 8.53 8.53 2.03 4.15 3. 61
Isophorone 13 .49 16.13 9.19 2.93 4 .19
1,2,4-Dichlorobenzene 15.32 6.51 3.04 3.81 5.11
Hexachlorobutadiene 6.08 19.43 6.74 10.97 2.45
2-Methylnaphtha1ene 11.71 10.63 6.33 3.63 4.52
Hexachlorocyclopentadiene: 8.49 22.66 4.97 14.05 4.32
2-Chloronaphthalene 6.16 12.99 3.25 3.24 3 . 09
2,6-Dinitrotoluene 5.02 17.22 5.21 3.11 3 . 02
Dibenzofuran 9.32 14.04 7.65 2.75 16.5
2,4-Dinitrotoluene 15.64 15.66 5.78 10.74 5.6
Hexachlorobenzene 9.94 22.30 4.84 10.86 4.4
The average MSD responses are listed in Table 4 for each 
injection volumes. These were then compared between all of 
the volumes to determine if the responses for lOOng were 
independent of the injection volume used. The percent 
relative standard deviations were all between five and 
fourteen percent which shows that responses were not 
significantly dependant on the volume of sample injected. It 
was also noted that the %RSD values were larger for the later 
eluting compounds than the early eluting compounds. Better 
precision was achieved for the larger injection volumes (40 -
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TABLE A: Comparison of the Average HSD SIM Responses of Several 
Different Injection Volunes
10 uL 20 uL 40 uL 80 uL 100 uL XRSD
1,3-Dichlorobenzene 1480929 1391134 1386653 1353822 1606837 7.78
1,4-Dichlorobenzene 1619765 1537780 1431288 1479370 1629634 6.15
Benzyl Alcohol 1607853 1693250 1677527 1487581 1713588 6.16
1,2-Dichlorobenzene 1273570 1463661 1393348 1385898 1573363 8.53
Hexachloroethane 524485 537552 549592 548184 612144 6.68
Ni trobenzene 752072 751426 705391 651210 810781 8.89
Isophorone 4004498 4146576 3798569 3607671 3987753 5.86
1,2,4-Trichlorobenzene 1144852 1444099 1253583 1263157 1451563 11.10
HexachIorobutadi ene 972655 1011047 1115152 1045978 1166051 8.07
2-Methylnaphthalene 4660235 4997145 4775331 4671819 5236539 5.54
Hexachlorocyclopentadiene 1159660 1361363 1421938 1240287 1585419 13.35
2-Chloronaphthalene 2397870 2720046 2616009 2424186 2717999 6.63
2,6 Dinitrotoluene 592031 634669 555130 541737 735696 13.98
Dibenzofuran 3734501 3974542 3791388 3819172 4644516 10.29
2,4-Dinitrotoluene 877093 934049 833967 738825 1025587 13.34
Hexachlorobenzene 3344555 3624192 3977048 3743057 4414013 11.54
lOOuL) The responses for the one hundred microliter injections 
were also larger on the average than all other volumes.
It has now been shown that the responses obtained with the 
large retention gap are all similar when one hundred nanograms 
of each component were used. The next step was to determine 
the linearity of calibration curves. Duplicate runs were made 
of 50 microliter injections each containing 25, 50, 100, and 
250 nanograms of each component in the neutral extractable B 
standard. Correlation coefficients (listed in Table 5) were
47
calculated using SIM quantitation and compared to those with 
three microliter injections.
The responses of each component for the two injection 
volumes were two to three times higher than those for the 
fifty microliter injections. Also, identical runs on the 
thirty meter and the one meter retention gaps showed that the 
responses were higher on the shorter retention gap which 
indicates that this variation in response is due to the length 
of the retention gap. This can be attributed to two factors:
1) the retention gap may not have been completely deactivated.
TABLE 5: SIM Correlation coefficients For 3 uL and 
50 uL Injections of EPA Neutral 
Extractables B Compounds.
3 uL injection 50 uL injection
1,3-Dichlorobenzene .9907 .9822
1,4-Dichlorobenzene .9871 .9891
Benzyl Alcohol .9931 .9625
1,2-Dichlorobenzene .9939 .9940
Hexachloroethane .9888 .9795
Nitrobenzene .9864 .9902
Isophorone .9894 .9930
1,2,4-Dichlorobenzene .9772 .9733
Hexachlorobutadiene .9877 .9603
2-methylnaphthalene .9918 .9784
Hexachlorocyclopentadiene .9932 .9761
2-chloronaphthalene .9930 .9789
2,6 dinitrotoluene .9870 .9744
Dibenzofuran .9860 .9822
2,4-Dinitrotoluene .9892 .9765
Hexachlorobenzene .9943 .9874
This would explain the good reproducibility and the poor 
response. Analyte may be binding to active sites on the gap 
after each injection. To eliminate these active sites, other 
silanizing agents should be investigated; 2) the solvent also 
had an affect. When the 25 and 50 ng samples were injected, 
the solvent interfered (gave a higher baseline) with the 
responses of all compounds. Because of this higher baseline, 
the response may have been lowered due to a threshold effect. 
Although a large solvent peak was observed, much of the 
solvent was eluting throughout the entire run. This problem 
can be eliminated through the use of a switching valve which 
would split off the solvent prior to entering the column. 
This splitting could easily be achieved prior to the 
temperature gradient. Once the solvent has completely eluted, 
the sample could then be allowed to enter the analytical 
column.
Subsequent to the standard work, it was found that 
injection of a real sample extract resulted in no response for 
any standards up to 100 ng. After cutting off approximately 
one meter of retention gap and several rinses with acetone, 
lOOng components were detected, although the response to some 
were still lower than before the sample extract was injected. 
In order for this to be a usable method, a deactivation 
process that would enable the injection of environmental 
sample extracts and a treatment to restore the gap must be 
found.
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CONCLUSION
The best quantitation method for FT-IR was the maximum 
absorbance method. Not only was the linearity superior but 
the sensitivity was also improved. The Gram-Schmidt method is 
a more rapid and simple method but has greater day to day 
variability. The absorbance methods often require judgement of 
the analyst, as to which wavenumbers to enter into the macro 
to calculate the absorbance. This can lead to inconsistencies 
between analysts. The array processors, which enable the 
Fourier transform to be calculated rapidly, may improve this. 
The entire GC run could be Fourier transformed and a single 
wavelength chromatogram can be generated in a short time. The 
total absorbance at one wavelength for the entire GC peak 
which corresponds to the total amount of compound, could then 
be determined. The current method finds the absorbance for one 
scan or the average absorbance.
It was shown that large injection volumes of standards 
can be reproducibly introduced using a large retention gap. 
Although the response was lower when the large retention gap 
was used for large injection volumes this can be overcome by 
just increasing the volume. Instrument detection limits were 
below 1 ppm and therfore method detection limits below lppb 
may be achieved. This has not yet been achieved with a 
lightpipe GC-FT-IR.
In order to make this a usable method several things must 
still be investigated such as: 1) techniques to eliminate the 
solvent prior to entering the column; 2) techniques to 
eliminate the active sites on the retention gap; 3) the length 
of time a retention gap could be expected to be used and 4) a 
method to rejuvenate the gap must also be determined.
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CHAPTER 2
THE DEVELOPMENT OF A 
QUICK-TURNAROUND-METHOD (QTM)
FOR POLYCYCLIC AROMATIC HYDROCARBONS
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INTRODUCTION
In 1980, the Comprehensive Environmental Response, 
Compensation and Liability Act (CERCLA) set up a $1.6 billion 
hazardous waste trust fund known as Superfund. Superfund was 
to be administered by the United States Environmental 
Protection Agency (US EPA) to perform remedial cleanups in 
cases where responsible parties could not be held responsible 
and to respond to emergency situations involving hazardous 
waste (US EPA)21. Today there are approximately 28,000 
potential Superfund sites throughout the United States. Each 
site must be analyzed to indicate whether the site should be 
put on the National Priority List (NPL). The NPL identifies 
the sites which should undergo cleanup. Once a site is on the 
NPL it must be periodically tested to determine the 
effectiveness of the cleanup process. Both of these steps 
require the analysis of a large number of samples. In order 
to accomplish this, the US EPA is investigating several Quick- 
Turnaround-Methods (QTM). These methods are expected to 
require approximately fortyeight hours for sample preparation, 
analysis and reporting of results.
The initial stages in the development of a QTM for the 
analysis of Polycyclic Aromatic Hydrocarbons (PAH) are 
described in this report.
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PAH exist in many of the Superfund Sites. Studies have 
confirmed that exposure to these compounds can cause cancer in 
animals (Miller)22. Many PAH have been shown to either 
initiate or promote tumor growth (Pike)23.
This QTM for PAH utilizes solid phase extraction (SPE) 
for sample preparation and High Performance Liquid 
Chromatography (HPLC) with fluorescence detection for 
analysis. SPE cartridges are used for the extraction of water 
samples and for the cleanup of soil samples. Solid phase 
extraction and fluorescence will be described in more detail 
in the following sections.
Solid Phase Extraction
Sample preparation is usually required, prior to the 
analysis of environmental samples. The objective of this 
sample preparation are clean-up and concentration. Sample 
clean-up is necessary when impurities exist which often 
interfere with the analytical method of choice. For instance, 
the impurity may fluoresce at the analyte wavelength when 
fluorescence detection is used or absorb at the same 
wavelength when infrared spectroscopy is used. Impurities may 
also shorten the life of a GC or LC column. Analytes often 
exist in a sample at concentrations below the instrumental 
detection limits requiring procedures to raise analyte 
concentration to a detectable quantity.
The extraction techniques most often used are liquid- 
liquid and soxhlet extractions which can be tedious, time 
consuming, costly, and may also create problems like phase 
emulsions, impure and wet extracts, and the generation of 
large solvent volumes. Solid phase extraction may obviate each 
of these problems. SPE is a physical extraction process that 
involving a liquid and a solid phase similar to low pressure 
liquid chromatography. Small disposable extraction columns 
made of polypropylene and packed with a variety of sorbents 
are used. The sorbent is held in place between two fritted 
discs, and solutions are usually aspirated through the columns 
by vacuum (Zief and Kiser)24. The sorbents are organosilanes 
attached to a silica substrate by silyl ether linkages.
With SPE, the solid phase has a greater attraction for 
the target analytes than the solvent in which it is dissolved. 
As the sample solution passes through, analytes concentrate on 
the sorbent bed, while all other sample components pass 
through the bed (Horne)25. The steps of solid phase 
extraction are illustrated in Figure 1. The column is first 
conditioned with an appropriate solvent to solvate the 
functional groups of the sorbent. The column is further 
conditioned with the sample matrix, the sample solution is 
then forced through the sorbent by vacuum. The column, 
containing the analyte, is then washed with an appropriate 
solvent that selectively removes the impurities.
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Figure 1: Steps of Solid Phase Extraction
The purified analyte is finally eluted with a solvent strong 
enough to displace the analyte from the sorbent. This 
procedure doesn't require rigorous sample preparation because 
of the high selectivity and sensitivity of the fluorescence 
detector.
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Fluorescence
Polycyclic aromatic hydrocarbons have high energy ir- 
bonding orbitals and relatively low-energy ?r*-antibonding 
orbitals available. These compounds absorb visible or 
ultraviolet radiation by the transition of an electron from 
these it-  to it* -  orbitals leading to characteristic absorption 
and fluorescence spectra. The processes occurring when UV or 
visible light is absorbed by PAH are illustrated in Figure 2.
ISC
ISC
Figure 2: Electronic Energy Levels and Transitions 
For PAH. (Reprinted with permission by 
Academic Press)
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The molecule is excited (E) from the ground-state singlet 
state (S0) to the first excited state (S,) . In condensed 
systems, any excess vibrational energy is transferred to 
neighboring ground state molecules. Once in the lowest 
vibrational level of S,, the molecule may either: 1) return to 
the ground-state SQ by radiationless internal conversion (IC) ;
2) return to So by fluorescent emission (F) or 3) be converted 
to the excited vibrational levels of the lowest triplet state 
(T1) , and then through internal conversion, go to the lowest 
vibrational level of T1. The lifetime of S1 is short (10- 
100ns) for PAH. Once in the radiative process, T, -> So, called 
phosphorescence (P), is slow because the transition involves 
a change in the spin multiplicity and is "forbidden." Weak 
phosphorescence is often observed. In both fluorescence and 
phosphorescence, the lower energy photon is emitted at 
wavelengths longer than the excitation wavelength. The energy 
differences between S0 and S1 and therefore the wavelengths of 
exciting radiation depend on the separations between the 
various molecular orbitals (Lee et al)26.
Fluorescence is often the method of choice for 
environmental PAH analysis because these compounds can be 
selectively detected. Many environmental samples are very 
complex, containing many compounds. Conditions can be set 
such that only the fluorescing PAH will be detected. All PAH 
absorb radiation with a wavelength of 254nm and because of the 
highly conjugated pi-electron systems will fluoresce.
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Commercial instruments range from simple filter 
fluorometers to highly sophisticated spectrofluorometers. 
Each contains four principal components: (1) a source of
excitation energy, (2) a sample cell, (3) a detector to 
measure the photoluminescence, and two filters or 
monochromators to select the excitation and emission 
wavelengths. The fluorescence detector used in this report is 
shown in Figure 3 (Waters)27. The light, provided by a 
mercury vapor lamp, passes through the excitation filter
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Figure 3. A Fluorescence Detector
directly to the sample cell. Excitation filters are selected 
to pass only specific excitation wavelengths. Fluorescent 
light, generated when the excitation light strikes the sample, 
passes out of the sample cell through the emission filter, 
which is selected to pass only wavelengths corresponding to 
maximum fluorescent emission and to reject any scattered 
excitation light. The fluorescent emission strikes the 
detector, a photomultiplier tube, which transforms the light 
into electrical energy which is amplified and displayed on a 
recorder (Willard et al)28.
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EXPERIMENTAL
All samples were prepared using Analytichem International 
solid phase extraction cartridges containing 0.5 gram C-8 
reverse phase packing and stainless steel frits. For water 
samples, 5 ml of methanol was added to 100 ml of sample and 
the mixture eluted through a conditioned cartridge. The 
analytes were eluted with 9 mL acetonitrile/methylene chloride 
(9:1) and the final extract volume adjusted to 10 mL. Soil 
samples were prepared by sonicating 1 to 5 grams in 10 mL 
acetonitrile. The mixture was centrifuged and a 5 mL aliquot 
of the supernatant added to a conditioned cartridge. The 
sample aliquot was collected along with a 4 mL acetonitrile 
wash and the final extract volume adjusted to 10 mL. In 
practice, the sample preparation procedure requires three to 
four hours to prepare 20 samples depending on the number of 
technicians and vacuum manifolds available.
Analytes were separated using a Vydac 201TP C-18 .46 x 
25cm reverse phase column with 5 um particle size preceded 
with a guard column with identical packing. The flow rate was 
1.5 mL/min. UV grade acetonitrile and deionized, organic free 
in-house water were the solvents used. The standards were 
supplied by the EPA Quality Assurance Materials Branch 
(Research Triangle Park, North Carolina). The solvent program 
consisted of an initial composition of 45% water and 55%
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acetonitrile held for five minutes, followed by a seven minute 
gradient to 100% acetonitrile. The solvent was then reset to 
45% water and 55% acetonitrile over five minutes and allowed 
to equilibrate for ten minutes. Each injection volume was 10 
uL. The total cycle time from one injection to the next was 
4 5 minutes.
Analyses were performed on a Spectrophysics extended 
range HPLC model SP8100XR equipped with a Hewlett Packard 
UV/Vis diode array detector model 1040A connected in tandem 
with a Waters fluorescence detector model 420. The diode 
array detector was set for detection at 254 and 280 nm. The 
fluorescence detector was set to provide excitation at 254 nm 
using a mercury vapor lamp with a 250nm band pass filter. 
Emission was monitored with a photomultiplier using a 375 nm 
cut off filter.
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RESULTS AND DISCUSSION
Chromatographic conditions were first determined. All 
target analytes except dibenzofuran, acenaphthylene and 
fluorene were baseline separated; separation better than 50% 
was achieved for these compounds. The responses were low when 
an excitation at 280 nm and emission cutoff at 375nm was used. 
This was attributed to the specific type of fluorescence 
detector used. This detector uses a 254 nm bandpass filter 
with a phosphor film emitting at 280 nm to convert incident 
radiation at 254 nm to 280 nm. The overall transmission 
efficiency of this process is considerably lower than other 
optical designs. Although some selectivity is lost, all of 
the later studies used a 254 nm excitation and emission cut 
off at 375 nm. This change resulted in a 2 to 200 fold 
increase in response for most target analytes. The lower 
molecular weight compounds did not respond well to these 
conditions.
A standard mixture containing all target PAH compounds 
was made to assure chromatographic peaks with similar 
responses. Six serial dilutions were made from this mix which 
varied from a 1 to 10 to a 1 to 1000 dilution. A HPLC/ 
fluorescence chromatogram of the mid range (1 to 100 dilution) 
is shown in figure 3. These standards were used to determine 
the linear range and detection limits of the detector.
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Figure 4: HPLC/ Fluorescence Chromatogram of A Mid
Range PAH Calibration Standard.
Response factors for each analyte in each of the six 
mixtures were determined. Percent relative standard
deviations were calculated and listed in Table 1 along with 
the concentration of each analyte in the standard mix. All 
%RSD values were between six and eighteen percent. At the 
higher concentrations the response factors began to 
increasingly vary from the response factors at the lower 
concentrations, thus indicating a linear range of about 100 
can not be exceeded.
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Table 1: Concentrations of PAH in Test Mixture and
Percent Relative Standard Deviations (%RSD) 
of the Response Factors for the Six 
Dilutions. (n=3)
Concentration
Analyte (ng/uL) %RSD
Carbazole 4 10.7
Naphthalene 100 9.3
Dibenzofuran 300 7.6
Acenaphthene 50 18.0
Fluorene 100 4.8
Phenanthrene 10 12.1
Anthracene 1 8.2
Fluoranthene 8 7.8
Pyrene 30 15.4
Benzo(a)anthracene 4 10.2
Chrysene 10 16.0
Benzo(b)fluoranthene 2 12.2
Benzo(k)fluoranthene 1 17.1
Benzo(a)pyrene 2 7.1
Dibenzo(a,h)anthracene 25 16.1
Benzo(ghi)perylene 10 18.1
Indeno(1,2,3-cd)pyrene 8 6.8
The low concentration mixture was used to estimate the 
detection limits. The dilution factors of the extraction 
procedures were applied to these instrumental detection limits 
to calculate the method detection limits. These limits are 
are listed in Table 2. With the exception of naphthalene, 
acenaphthylene, acenaphthene and fluorene which were analyzed 
using the UV detector, the method quantitation limits are at 
or below the limits listed in SW-846 Method 8270: 
Semivolatile Organics by GC/MS.
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TABLE 2: Analytical Parameters
MQL
ANALYTE RT RSD IQL Water Soil
(MIN)1 (%)2 (ng/mL)3(ug/L)*(ug/kg)5
Carbazole 4.06 4.0 4 0.4 80
Naphthalene 4.76 0.6* 1000
Acenaphthylene 5.54 2500
Dibenzofuran 6.80 0.3* 1000
Acenaphthene 7.07 2.2 750
Fluorene 7.67 0.3* 500
Phenanthrene 9.50 2.6 10 1.0 200
Anthracene 10.97 1.7 1 0.1 20
Fluoranthene 12.59 1.0 8 0.8 160
Pyrene 13.31 0.8 30 3.0 600
P-Terphenyl 14.90 0.4 50 5.0 1000
Benzo(a)Anthracene 15.62 0.3 4 0.4 80
Chrysene 15.96 0.3 10 1.0 200
Benzo(b)Fluoranthene 17.56 0.2 2 0.2 40
Benzo(k)Fluoranthene 18.18 0.2 1 0.1 20
Benzo(a)Pyrene 18.76 0.3 2 0.2 40
Dibenz o (a,h)Anthracene 19.91 0.3 25 2.5 500
Benzo(g,h,i,) Perylene 20.81 0.3 10 1.0 200
Indeno(1,2,3-cd)Pyrene 21.39 0.3 8 0.8 150
1. Average retention time observed for a 6-point 
calibration curve over a conc. range of 100.
2. Relative standard deviation in retention time 
over the 6-point calibration curve.
3. Estimated Instrument Quantitation Limit (10 uL 
Injection) .
4. Method Quantitation Limit for water samples (lOOmL). 
Values Obtained by applying sample preparation 
dilution fractions to the IQL.
5. Method Quantitation Limit for soils. The lower 
limit for accurate and precise quantitation.
Assumes 100% recovery from a l.Og sample.
Not observed for all six concentration levels.
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The average retention times and corresponding %RSDs for 
these retention times are listed in Table 2. The greatest 
variations were observed for those analytes eluting during the 
gradient portion of the solvent program (i.e., 2 min to 12 
min.). HPLC pumps are typically capable of producing retention 
time RSDs of < 1% under gradient conditions. The largest 
retention time variation occurred with the first standard, 
indicating that the system may not have been fully 
equilibrated prior to running the first standard.
The precision and accuracy of the extraction procedure 
were determined using soil and water samples spiked with known 
amounts of target compounds. The results are listed in Table
3. The recoveries of analytes in the water samples varied 
from 60% - 80%. The recoveries could be improved by
increasing the strength of the eluting solvent. When this was 
done, recoveries of the soil samples ranged from 79 - 103%.
Reagent blanks were subject to the same procedure and did 
not exhibit any peaks. Phenols (Acid Extractables II) were 
added to reagent water and worked up according to the 
developed procedure. The analysis showed that although some 
of the phenols made it through the extraction procedure, they 
did not respond well to the fluorescence conditions and eluted 
very early in the HPLC program. This suggests that phenols 
will not interfere substantially with PAH when this procedure 
is used.
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Table 3: Results of Recovery Study for Water and
Soil Samples.
WATER SAMPLES SOIL SAMPLES
Average S .D . Average S.D .
Analyte Recovery(%) (n=3) Recovery(%) (n=3)
Carbazole - - 86 0.1
Naphthalene* 60 4.5 90 7.6
Acenaphthy1ene* 65 3.3 103 5.4
Dibenzofuran* 70 6.0 98 4.6
Acenaphthene* 74 3.5 93 2.7
Fluorene* 74 3.5 93 2.7
Phenanthrene 81 5.5 89 2.0
Anthracene 80 11.8 84 1.0
Fluoranthene 76 3.5 87 1.0
Pyrene 78 4.9 88 2.9
Benz o (a)Anthracene 76 3.0 87 2.1
Chrysene 74 3.2 85 1.4
Benzo(b)Fluoranthene 76 3.1 86 1.5
Benzo(k)Fluoranthene 77 1.9 85 1.7
Ben z o (a)Pyrene 74 3.0 84 2.2
Dibenzo(a,h)Anthracene 75 3.4 83 1.2
Benzo(ghi)Perylene 75 2.9 82 2.3
Indeno(1,2,3-cd)Pyrene 76 3.6 79 0.3
Determinations by UV detection at 254 nm.
1 Integration inadvertently suppressed.
2 Peaks integrated as one peak.
Once in place, the method was tested on "real world" 
samples. Two well water samples were spiked with the high 
level mixture and analyzed in triplicate. The recoveries, 
listed in Table 4, ranged from 45% to 85%. These low 
recoveries were attributed to the fact that 100% acetonitrile 
was used as the eluting solvent, instead of 1:10 methylene 
chloride:acetonitrile as called for in the procedure.
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TABLE 4: WELL WATER SAMPLES - SPIKE RECOVERIES
SAMPLE *639 SAMPLE ft635
Percent S.D. i.d.1 Percent S.D. i.d.1 
Analyte Recovery Recovery
Carbazole 85 3.1 + 84 2.5 -
Naphthalene 74 7.3 + 71 3.4 -
Acenaphthylene* 65 5.1 + 72 9.1 -
Dibenzofuran 60 3.2 - 57 5.9 +
Acenaphthene 63 3 . 5 - 62 6.8 +
Fluorene 63 3.5 - 62 6.8 +
Phenanthrene 59 4.0 - 51 7.4 +
Anthracene 54 4.3 + 48 6.0 +
Fluoranthene 61 4.1 + 50 8.2 +
Pyrene 60 4.6 + 48 9.5 +
Benzo(a)Anthracene 63 5.5 + 50 8.2 +
Chrysene 67 6.6 + 52 8.3 +
Benzo(b)Fluoranthene 66 6.2 + 51 7.2 +
Benzo(k)Fluoranthene 66 6.0 + 52 6.8 +
Benzo(a)Pyrene 54 5.4 + 45 8.7 +
Dibenzo(a,h)Anthracene 66 7.5 + 52 7.7 +
Benzo(ghi)Perylene 67 6.6 + 52 8.6 +
Indeno(1,2,3-cd)Pyrene 68 6.1 + 53 6.6 +
1 Identification of the target analyte in all three 
analyses from a triplicate set. Retention window 
determined from the average retention time of three 
calibration standards with 1% variation (RT + 1%)
+ Correctly identified 
- Incorrectly identified
* Detection by UV at 254 nm.
The chromatogram does show that no interferences were present 
and that the PAH were selectively detected. A representative 
chromatogram is shown in Figure 4. Peaks corresponding to 
target analytes were obvious. Generally, Superfund samples 
are much more complex and in order to quickly interpret
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Figure 5: HPLC/ Fluorescence Chromatogram of
a Well Water Sample Spiked with PAH.
chromatographic data, retention windows must be determined. 
Retention windows were calculated using the calibration 
standards (Retention Time or RT + 3 sigma). These windows 
overlapped each other leading to ambiguous identification. 
When the retention windows were limited to R.T. + 1%, the 
windows no longer overlapped but some target compounds fell 
out of the windows. Windows based on the retention time of
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p-terphenyl also resulted in the xnisidentification of many 
compounds. P-terphenyl is a suitable marker for late eluters 
but not early eluters.
Three soil samples from a site known to contain PAH were 
prepared according to the developed procedure and analyzed in 
triplicate. No matrix or surrogate spikes were added. A 
representative chromatogram is shown in Figure 5. The average 
response factors from a three point calibration curve were 
used to determine the concentrations of target analytes. High 
amounts of the target PAH were found in these samples. A 100- 
fold dilution of the extracts was necessary to bring the 
concentrations within the range of the fluorescence detector. 
The concentrations and corresponding %RSDs are listed in 
Table 5. Because of the poor response to fluorescence 
detection, naphthalene, dibenzofuran, acenaphthylene, 
acenaphthene and fluorene were not included for quantitation.
The response factors from the three calibration standards 
varied by less than 5% and the retention time variation was 
less than 1% for all target analytes. A mid range calibration 
check standard analyzed after the completion of sample 
analysis varied from the response factors of the initial 
calibration standards by less than 8%.
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Figure 6: HPLC/ Fluorescence Chromatogram of 
Soil Sample Contaminated With PAH.
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The results were compared to those obtained from a 
prototype GC/FID Quick Turnaround method. Poor precision was 
exhibited for samples 1A and 7A. The precision was better for 
sample 4A although it was poor for many compounds (see Table 
5). The percent relative standard deviations values were 3 0% 
on the average. The calibration standards gave precise 
response factors indicating that the principle source of 
variation resulted from sample preparation although the 
chromatograms were sufficiently complex to raise the
Table 5: Soil Samples Contaminated With PAH
Sample 1A Sample 4A Sample 7A
Cone. RSD * Cone. RSD * Cone. RSD *
Analyte (ug/kg) (%) id (ug/kg) (X) id (ug/kg) (%> id
Carbazole 21,000 26 + 39,000 29 + 26,000 15
Phenanthrene 130,000 72 730,000 34 - 340,000 40 -
Anthracene 130,000 10 + 180,000 2 - 320,000 6 -
Fluoranthene 340,000 65 110,000 9 - 430,000 27 -
Pyrene 310,000 48 860,000 3 - 330,000 36 -
Benzo(a)-
Anthracene 95,000 38 + 300,000 53 - 125,000 27 -
Chrysene 120,000 38 270,000 2 - 160,000 33 -
Benzo(b)-
Fluoranthene 260,000 8 170,000 4 - 180,000 28 -
Benzo(k)-
Fluoranthene 61,000 33 66,000 7 - 70,000 29 -
Benzo(a)Pyrene 100,000 36 110,000 10 - 110,000 39 -
Dibenzo(a,h)-
Anthracene N.F. N.F. N.F.
Benzo(ghi)-
Perylene N.F. 96,000 9 - N.F.
Indeno(1,2,3-cd)
Pyrene 70,000 99 80,000 39 N.F.
+ correctly identified
- incorrectly identified
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possibility of integration error. Because of the large number 
of peaks integrated, it was often difficult to select the 
retention time corresponding to the peak.
Retention time windows were calculated using the average 
retention times of the calibration standards plus and minus 
three times the standard deviation. Most analytes were not 
correctly identified when using these windows. Although these 
windows were large, most analytes did not fall within them. 
UV spectra were required to identify the target compounds. It 
was then confirmed that retention time markers must be used 
for the quick identification of target compounds.
Several compounds were tested to be used as retention time 
markers. Several markers to represent the different stages of 
the solvent program are necessary. Phenanthridine was chosen 
as the marker for the early eluting compounds. This compound 
elutes at approximately 5.4 min. P-terphenyl was selected for 
the compounds eluting during the gradient portion of the 
program. This compound elutes at about 14 minutes. 
Quaterphenyl elutes at the end of the run and will be used for 
those compounds eluting late in the solvent program.
Once these compounds were determined, all three were 
spiked into three standard reference materials. These 
standards were known to contain polycyclic aromatic 
hydrocarbons and are similar in complexity to samples taken 
from some superfund sites. A series of runs were made, first 
low, middle and high level standard mixtures containing the
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three markers were analyzed, followed by the three samples. A 
matrix spike and the middle level mix (1:100 dilution of the 
standard mix) were run at the end of the series to insure that 
any variation in retention time due to matrix effects and 
drift over time were taken into account. Separation was 
achieved for all compounds except acenaphthene and fluorene. 
A representative chromatogram is shown in Figure 6. Average 
retention times were calculated for each of the analytes in
U tic
Figure 7: A HPLC / Fluorescence Chromatogram
of Sample Spiked With Retention Time 
Markers.
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all standards. The average retention times of analytes 
relative to the average retention time of each of the three 
marker compounds were calculated. These relative retention 
times (RRT) were used to establish windows (RRT ± 1%) for the 
identification of the target compounds in each of the samples. 
The results are listed in Table 6. No overlap of windows 
occurred for any of the retention time markers. Acenaphthene
Table 6: Results of Retention Marker Study
AVERAGE SAMPLE SAMPLE SAMPLE
RT OF 602B 603B 606B
ANALYTE STANDARDS 1 2 3 1 2 3 1 2 3
Carbazole 4.05 — _ _ _ _ _ _ —
Phenanthridine 5.37 + + + + + + + + +
Dibenzofuran 6.78 + + + + + + + + +
Acenaphthene 7.18 - - - - - - - - -
Fluorene 7.57 — — - - - - - - -
Phenanthrene 9.12 + + + + + + + + +
Anthracene 10.53 + + + + + + + + +
Fluoranthene 12.13 + + + + + + + + +
Pyrene 12.83 + + + + + + + + +
Terphenyl 14.50 + + + + + + + + +
Benzo(a)anthracene 15.13 + + + + + + + + +
Chrysene 15.45 + + + + + + + + +
Benzo(B)fluoranthene 16.98 + + + + + + + + +
Benzo(K)fluoranthene 17.51 + + + + + + + + +
Benzo(A)pyrene 18.02 + + + + + + + + +
Dibenzo(A,H)anthracene 19. 09 4 4 4 4 4 4 4 4 4
Benzo(G,H,I)perylene 19. 81 + - - + + + + - -
Indeno(1,2,3-cd)pyrene 20.27 + + + + + + + + +
Quaterphenyl 21.44 + + + + + + + + +
1. Retention time window relative to Phenanthridine
2. Retention time window relative to Terphenyl
3. Retention time window relative to Quaterphenyl
4. Can not be clearly identified.
+ identified correctly
identified incorrectly
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and fluorene were not identified using these windows because 
both peaks were integrated together. All other compounds were 
successfully identified with the exception of carbazole and 
Benzo (g,h, i) perylene. Benzo(g,h, i) perylene was only identified 
correctly in sample 606B. This compound was identified in 
samples 602B and 603B only by terphenyl. Carbazole was not 
identified by any of the markers.
The concentrations of marker compounds to be used have not 
yet been determined, pending the arrival of new standards. 
This retention marker study will be repeated with standards at 
the specified concentrations.
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CONCLUSION
This method has good potential as a Quick Turnaround 
Method. The selectivity and sensitivity of the fluorescence 
detector is adequate for sample preparation using solid phase 
extraction. SPE is more rapid and less intense than the 
currently used procedures.
Once the amounts of retention time markers to be used has 
been determined, an interlaboratory study should be made to 
determine the reproducibilty when different instrumental 
systems are used.
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Appendix A: Maximum Absorbance Wavenumbers (I) used 
for Quantitation
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Basic Extractables
4-Chloroaniline 1495
2-Nitroaniline 1523
3-Nitroaniline 1544
4-Nitroaniline 1347
Polynuclear Aromatics
Naphthalene 781
Acenaphthylene 771
Acenaphthene 784
Fluorene 739
Phenanthrene 733
Anthracene 721
Fluoranthene 774
Pyrene 840
Benzo(a)anthracene 745
Chrysene 757
Benzo(b)fluoranthene 741
Benzo(k)fluoranthene 741
Benzo(a)pyrene 756
Anthracene 875
Neutral Extractables A
N-Nitrosodimethylamine 1483 
N-Nitrosodipropylamine 1482 
Bis(2-Chloroethyl)ether 1125 
Bis(2-Chloroisopropyl) 1092 
ether
Bis(2-Chloroeethoxy) 1085 
methane 
Dimethyl phthalate 1281
Diethyl phthalate 1274
Di-n-butyl phthalate 1273 
Butyl benzyl phthalate 1272 
Ethyl hexyl phthalate 1271 
Di-n-Octyl phthalate 1273 
4-Chlorophenyl phenyl 1244 
ether
4-Bromophenyl phenyl 1242 
ether
Neutral Extractables B
1.3-dichlorobenzene 779
1.4-dichlorobenzene 1474
Hexachlorobenzene 134 6
1.2-dichlorobenzene 748
Hexachloroethane 783
Nitrobenzene 1539
Isophorone 1690
1.2.4-trichlorobenzene 750
1.3-Hexachlorobutadiene 853
2-Methylnaphthalene 3 069
Hexachlorocyclopentadiene 814 
2-chloronaphthalene 851
2.6-dinitrotoluene 1551
Dibenzofuran 1192
2.4-Dinitrotoluene 1547
Acid Extractables 
Benzoic acid 1767
p-Chloro-m-cresol 1177
2-Chlorophenol 1478
o-Cresol 1208
p-Cresol 1177
2.4-Dichlorophenol 1478
2.4-Dimethylphenol
4.6-Dinitro-o-cresol 1346
2.4-Dinitrophenol 1346 
2-N itrophenol
4-Nitrophenol 1350
Pentachlorophenol 13 81
Phenol 1184
2.4.5-Trichlorophenol 1458
2.4.6-Trichlorophenol 1470
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Appendix B: Ions Used for Single Ion Quantitation
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Basic Extractables
4-Chloroaniline 127
2-Nitroaniline 65
3-Nitroaniline 138
4-Nitroaniline 138
Polynuclear Aromatics
Naphthalene 128
Acenaphthylene 152
Acenaphthene 154
Fluorene 166
Phenanthrene 178
Anthracene 178
Fluoranthene 202
Pyrene 202
Benzo(a)anthracene 228
Chrysene 228
Benzo(b)fluoranthene 252
Benzo(k)fluoranthene 252
Benzo(a)pyrene 252
Neutral Extractables ;h
N-Nitrosodimethylamine 74
N-Nitrosodipropylamine 70
Bis(2-chloroethyl)ether 93
Bis(2-chloroisopropyl) 121
ether
Bis(2-chloroethoxy) 93
methane
Dimethyl phthalate 163
Diethyl phthalate 149
Di-n-butyl phthalate 149
Butyl benzyl phthalate 149
Ethyl hexyl phthalate 149
Di-n-octyl phthalate 149
4-Chlorophenyl phenyl 204
ether
4-Bromophenyl phenyl 250
ether
N-Nitroso-di-phenylamine 169
Neutral Extractables B
1.3-Dichlorobenzene 146
1.4-Dichlorobenzene 146
Benzyl Alcohol 79
1.2-Dichlorobenzene 146
Hexachloroethane 201
Nitrobenzene 12 3
Isophorone 82
1.2.4-Trichlorobenzene 18 0
1.3-Hexachlorobutadiene 225 
2-Methylnaphthalene 14 2
Hexachlorocyclopentadiene 237 
2-Chloronaphthalene 162
2.6-Dinitrotoluene 165
Dibenzofuran 168
2.4-Dinitrotoluene 165
Hexachlorobenzene 284
Acid Extractables 
Benzoic acid 122
p-Chloro-m-cresol 107
2-Chlorophenol 128
o-Cresol 108
p-Cresol 108
2.4-Dichlorophenol 162
2.4-Dimethylphenol 107
4.6-Dinitro-o-cresol 198
2.4-Dinitrophenol 184
2-Nitrophenol 139
4-Nitrophenol 109
Pentachlorophenol 2 66
Phenol 94
2.4.5-Trichlorophenol 196
2.4.6-Trichlorophenol 196
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